This huge eruption slowed sea-level rise and ocean warming well into the following century.
We have analysed a suite of 12 state-ofthe-art climate models and show that ocean warming and sea-level rise in the twentieth century were substantially reduced by the colossal eruption in 1883 of the volcano Krakatoa in the Sunda strait, Indonesia. Volcanically induced cooling of the ocean surface penetrated into deeper layers, where it persisted for decades after the event. This remarkable effect on oceanic thermal structure is longer lasting than has previously been suspected 1 and is sufficient to offset a large fraction of ocean warming and sea-level rise caused by anthropogenic influences.
We examined the latest series of coupled ocean-atmosphere model experiments that include time-varying external forcings (for example, changes in greenhouse gases, solar irradiance, sulphate aerosols and volcanic aerosols) for the period 1880-2000 (see supplementary information). These models differ in their physics, resolution, initialization and ocean-atmosphere coupling procedures, and have different combinations of external forcings. Uncertainties in both the applied forcings and in the model responses to them are therefore inherent in our investigation.
We compared the evolution of global ocean heat content over 1880-2000 in six models that include the effects of volcanic eruptions (V) with six that do not (see supplementary information). Observations (which are subject to uncertainties arising from incomplete space-and time-varying coverage 2, 3 ) suggest that the heat content of the upper 3,000 m of the ocean increased at a rate of 0. ). An abrupt drop in heat content in the V simulations (Fig. 1a) follows the 1883 Krakatoa eruption, augmented by much smaller eruptions in 1886 and 1888. Volcanic aerosols scatter and absorb sunlight and result in a cold ocean-surface-temperature anomaly. This is gradually subducted into deeper layers 1, 4 , where it persists for decades (Fig. 1b) . Although surface warming in the late twentieth century is apparent in all V simulations, a cold anomaly remains discernible at depth.
In spite of substantial differences in model formulations and applied external forcings (and, in particular, uncertainties in volcanic forcing in the pre-satellite era 5 ; see supplementary information), the distinction between the simulations with and without V in Fig. 1 is striking. Although solar forcing is included only in the V simulations, its effect is minimal.
An oceanic response to the 1991 Pinatubo eruption, which was comparable to Krakatoa in terms of its radiative forcing, has been identified in satellite altimetry data 1 . The simulated heatcontent recovery after Pinatubo seems to occur much more rapidly than for Krakatoa (Fig. 1a) . This disparity arises because the Pinatubo response is superimposed on a non-stationary background of large and increasing greenhouse-gas forcing. The heat-content effects of Pinatubo and other eruptions in the late twentieth century are offset by the observed warming of the upper ocean, which is primarily due to anthropogenic influences 6 . Ocean warming (or cooling) contributes to sea-level changes by thermal expansion (or contraction). Global mean thermal expansion is highly correlated with changes in heat content, and so comparisons of thermal expansion between the V and non-V simulations look much like Fig. 1a . Increases in thermal expansion at the end of the twentieth century (relative to 1882, the year before Krakatoa) are appreciably less for simulations with V (average: 1.7 cm; with 1 s.d.: 1.8 cm) than for the simulations without V (average: 6.3 cm; with 1 s.d.: 2.2 cm).
In model simulations, Krakatoa has long-lasting effects, offsetting a large fraction of the changes in ocean heat content and thermal expansion caused by twentieth-century anthropogenic influences. These results are robust to current uncertainties in climate models and in the historical forcings applied to them. Inclusion of volcanic forcing from Krakatoa (and, by implication, from even earlier eruptions) is important for a reliable simulation of historical increases in ocean heat content and sea-level change due to thermal expansion. 
